Low efficiency of somatic cell nuclear transfer (SCNT) embryos is largely attributable to imperfect reprogramming of the donor nucleus. The differences in epigenetic reprogramming between female and male buffalo cloned embryos remain unclear. We explored the effects of donor cell sex differences on the development of SCNT embryos. We and then compared the expression of DNA methylation (5-methylcytosine5mC and 5-hydroxymethylcytosine-5hmC) and the expression level of relevant genes, and histone methylation (H3K9me2 and H3K9me3) level in SCNT-♀ and SCNT-♂ preimplantation embryos with in vitro fertilization (IVF) counterparts. In the study, we showed that developmental potential of SCNT-♀ embryos was greater than that of SCNT-♂ embryos (p < 0.05). 5mC was mainly expressed in SCNT-♀ embryos, whereas 5hmC was majorly expressed in SCNT-♂ embryos (p < 0.05). The levels of DNA methylation (5mC and 5hmC), Dnmt3b, TET1 and TET3 in the SCNT-♂ embryos were higher than those of SCNT-♀ embryos (p < 0.05). In addition, there were no significant differences in the expression of H3K9me2 at eight-stage of the IVF, SCNT-♀ and SCNT-♂embryos (p < 0.05). However, H3K9me3 was upregulated in SCNT-♂ embryos at the eight-cell stage (p < 0.05). Thus, KDM4B ectopic expression decreased the level of H3K9me3 and significantly improved the developmental rate of two-cell, eight-cell and blastocysts of SCNT-♂ embryos (p < 0.05). Overall, the lower levels of DNA methylation (5mC and 5hmC) and H3K9me3 may introduce the greater developmental potential in buffalo SCNT-♀ embryos than that of SCNT-♂ embryos.
| INTRODUC TI ON
Low efficiency of somatic cell nuclear transfer (SCNT) is normally associated with incomplete reprogramming of donor nucleus.
Reprogramming varies with the type of donor nucleus (Kato & Tsunoda, 2010) . Studies demonstrated that the developmental competence of cloned embryos was not significantly different between the sexes (Sandhu et al., 2016; Yoo et al., 2016) . However, Liu et al. reported that the donor cells' sex had significant effects on nuclear transfer efficiency of cloned goats (Liu et al., 2016a) . What is more, Merighe et al. demonstrated that the rates of cleavage and the blastocyst were higher in bovine SCNT-♀ embryos than that of SCNT-♂ embryos (Merighe, Miranda, Bem, Watanabe, & Meirelles, 2010) . Furthermore, the incomplete epigenetic reprogramming of donor that associated with abnormal methylation patterns results in the developmental failure of bovine cloned embryos (Han, Kang, Koo, & Lee, 2003; Kang et al., 2001) . Moreover, the epigenetic status and DNA methylation reprogramming are sex-specific in buffalo and bovine SCNT embryos (Gebert et al., 2009; Sandhu et al., 2016) . Sex differences may be an important factor that influences the efficiency of SCNT, whereas investigations on the correlation between donor cell sex differences and the DNA methylation of SCNT embryos are limited.
Donor reprogramming includes the processes of DNA methylation, involving the transfer of a methyl moiety from S-adenosylmethionine to the 5-position of cytosines in certain CpG dinucleotides.
The global methylation level of cloned embryos is relatively higher than that of in vitro fertilization (IVF) embryos, because DNA methylation patterns are established in advance (RodriguezOsorio, Urrego, Cibelli, Eilertsen, & Memili, 2012) . In cloned bovine embryos, this process occurs at the four-cell stage instead of the eight-cell stage, thereby resulting in the abnormally high methylation levels in trophoblast, particularly that of H3K9me3 .
It has been reported that the DNA methylation patterns occur aberrantly in cloned embryos (Dean et al., 2001) . 5-methylcytosine (5mC) is a modified form of DNA methylation at the 5-position of cytosine, regulating by DNA methyltransferases (DNMTs)-DNMT1 and DNMT3a and DNMT3b. DNMT1 plays a key role in maintaining methylation patterns during DNA replication (Bestor, 2000) . DNMT3a and DNMT3b, which are de novo methyltransferases, are involved in the establishment of the initial patterns of methylation during embryogenesis (Okano, Bell, Haber, & Li, 1999) . The patterns of 5mC are established and maintained by DNA methylation and demethylation (Chen & Riggs, 2011) . 5-hydroxymethylcytosine (5hmC), another modified form of DNA methylation, is likely to have major implications in the mechanisms underlying active demethylation. Ten eleven translocation (TET) proteins are involved in the conversion of 5mC into 5hmC. The TET family is composed of a founding member, TET1, along with TET2 and TET3, and these catalyze a similar reaction. TET1 is crucial in regulating the level of methylation on a specific promoter region of mouse blastocysts (Ito et al., 2010) , whereas TET3 plays an significant role in active demethylation in mouse zygotes (Wossidlo et al., 2010) .
Chromatin changes such as histones methylation are another central epigenetic process that significantly influences gene expression. A variety of protein-modifying enzymes (including DNMTs) is responsible for histone modification, primarily at their flexible N-termini (Shilatifard, 2006) . Di-and tri-methylated histone H3 lysine 9 (H3K9me2 and H3K9me3) affect chromatin remodelling and gene transcription (Vakoc, Mandat, Olenchock, & Blobel, 2005) , and play an important role in inhibition (Hublitz, Albert, & Peters, 2008) , along with the 5mC (Jones et al., 1998) . There is also considerable crosstalk between DNA methylation and histone modifications (Fuks, Burgers, Brehm, Hughes-Davies, & Kouzarides, 2000) such that cytosine methylation may increase the likelihood of H3K9 methylation, and H3K9 methylation may promote cytosine methylation. A previous study revealed that the epigenetic marks of DNA and histone H3 lysine 9 methylation affect the developmental potential of cloned embryos (Santos et al., 2003) . H3K9me2 inhibits 5mC, thereby transforming this into 5hmC that regulates the DNA methylation levels of embryos by combining with the maternal factor, PGC7 (Nakamura et al., 2012) . KDM4B, also known as JMJD2B, is a member of the JMJD2 protein family, which contains the JMJC domain (Klose, Kallin, & Zhang, 2006) . KDM4B is involved in regulating gene transcription by converting the H3K9me3 state to H3K9me1 (Fodor et al., 2006) .
The sex of donor cell is associated with the development of cloned embryos, therefore, we compared the early development rate and the DNA methylation status between buffalo SCNT-♀ and SCNT-♂ embryos, so as to reveal the effect of sex differences on the early development and DNA methylation status of buffalo SCNT embryos.
| MATERIAL S AND ME THODS

| Ethical approval
This study was approved and monitored by animal experiments ethical review committee of the Guangxi University, Nanning, China.
| Reagents and media
All chemicals used in this study were purchased from Sigma (St.
Louis, MO, USA) unless otherwise stated.
| In vitro maturation of oocytes
Buffalo oocytes from abattoir-derived ovaries were matured in vitro in TCM-199, supplemented with 5 mM HEPES, 26.2 mM NaHCO 3 , 0.1 μg/ml follicle-stimulating hormone (FSH; Hyclone, Logan, UT, USA), 5% foetal bovine serum (FBS; Hyclone, Logan, UT, USA), 60 mg/L penicillin G and 100 mg/L streptomycin sulphate for 22-24 hr under a humidified atmosphere of 5% CO 2 at 38.5°C.
| In vitro fertilization
The frozen semen straw/0.25 ml was thawed for 15 s in a 37°C
water bath. The thawed semen was layered under 1.5 ml of modified Tyrode's medium and incubated for 30 min at 38.5°C and 5% CO 2 .
The top 1.0 ml of medium containing more motile sperm was collected and centrifuged for 5 min at 264 g to harvest the pelleted sperm. The spermatozoa pellet was resuspended in modified Tyrode's medium at a concentration of 5 × 10 6 sperm/ml for fertilization.
| Donor cell preparation
Buffalo foetal fibroblast (BFF) is collected from the skin tissues of buffalo female and male foetuses (about 3 months gestation, three females and three males). They were processed further in sterile conditions, and then, tissues were cultured at 38.5°C and 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. The third passage BFFs were cultured by serum starvation (cultured in DMEM plus 0.5% FBS for 72 hr) and then subsequently utilized as donors.
| Nuclear transfer, fusion and activation
Oocytes with an extruded first polar body were enucleated under Spindle View system (Woburn, MA, USA). Female and male BFFs were then transferred into the perivitelline space of enucleated oocytes with a 25 μm micropipette, respectively. Nuclear transfer, fusion and activation were performed according to the method reported by us previously (Shi et al., 2007) .
| Embryo reverse transcription
Five embryos of different stages were used per sample. The embryos of different stages were collected and washed thrice with phosphate-buffered saline (PBS). Messenger RNA was reversetranscribed to cDNA using a Cells-to-cDNA™ II Kit (Ambion Co., Australia) according to the manufacturer's instructions.
| Quantitative real-time polymerase chain reaction (QRT-PCR)
Gene transcripts were quantified by SYBR Premix Ex Taq™ (TaKaRa) according to the manufacturer's instructions. The quantification of all gene transcripts was acquired by PCR instrument (ABI 7500). The primers were shown in Table 1 . The thermal cycling profile started with a 3 min dwell temperature of 94°C, followed by 40 cycles of 30 s at 94°C, 30 s at the primer-specific annealing temperature (Table 1) , 30 s at 72°C and a final step at which fluorescence was acquired. The β-actin of housekeeping gene was used as the internal control. Each analysis was repeated three biological replications. The expression level of target genes was determined using the formula 2 −ΔΔCT method.
| Immunostaining and quantification of fluorescence intensity
First, embryos were washed thrice in PBS and fixed in 4% paraformaldehyde for 30 min. Second, embryos were washed thrice in PBS supplemented with 0.01% Triton X-100 and 0.3% BSA ( Embryos were observed and analysed by a laser scanning microscope (Leica SP8, Germany) and Leica software LAS-AF_2.5.1_6757.
Measurements were performed in three replicates for embryos at each developmental stage with at least 10 embryos.
Nuclei of blastomeres were identified by DAPI staining, and fluorescence staining was captured in the same nuclei areas. The fluorescence staining was analysed and quantified manually by outlining a limited area of each individual nucleus at relatively bright focal plane.
Intensities of all individual nuclei of embryos at the two-, eight-cell stages and fifteen nuclei per morula and blastocyst were captured randomly and automatically converted to a fluorescence unit and recorded. The mean fluorescence intensity of each nucleus in an embryo representing the intensity values was used for comparison. 
TA B L E 1 Details of primers used for the quantification of real-time PCR analysis
| KDM4B-pEGFP-N1 vector construction
Total BFFs RNA was extracted using TRIzol (Thermo Scientific).
RNA concentration and purity were measured using the NanoDrop ND-1000 UV/Vis spectrophotometer according to manufacturer's instructions (NanoDrop Thermo Scientific, USA). The RNA concentration was determined spectrophotometrically by UV A260.
An aliquot was analysed by agarose gel electrophoresis to assess its integrity. One microgram of RNA was used as template, and BFF cDNA was synthesized using reverse transcriptase XL (Takara). Using BFF cDNA as template, KDM4B mRNA (GenBank accession no XM_006067137.1) was synthesized using high-fidelity PCR-PrimeSTAR MAX DNA polymerase (Takara). The primers as follows: F-ATGGGGTCTGAGGACCATGGGGCCCAGAA, R-CTAGTAGGGGGCTCCGGGCCAGCACT. The procedure is as follows: predenaturation at 98°C for 2 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 58°C for 30 s, extension at 72°C for 2 min and a final extension at 72°C for 8 min.
The positive PCR products were purified (Omega) and cloned into a PMD18-T vector (Takara). Using the PMD18-T-KDM4B vector plasmid as template, high-fidelity PCR was also performed to amplify the full length KDM4B with restriction enzyme diges- 
| KDM4B plasmid injection and ectopic expression verified
At 1 hr after fusion, both SCNT-♀ and SCNT-♂ embryos were respectively injected with 50 ng/μl KDM4B-pEGFP-N1 plasmid, 50 ng/ μl pEGFP-N1 plasmid and ddH 2 O at 100 hpa by a microinjector (FemtoJet, Eppendorf). The ectopic expression of KDM4B gene at eight-cell stage of SCNT embryos was verified using immunofluorescence staining.
| Statistical analysis
All experiments were repeated with at least three replicates. Data are presented as mean ± SD. The difference in the developmental rate of cloned embryos, the level of fluorescence intensity of cell nuclei and the relative expression level of genes were analysed using ANOVA F test in the SPSS 17.0 software (Norusis, 2008) . Probability values <0.05 were considered statistically significant.
| RE SULTS
| Effects of donor cell sexual differences on the development of SCNT-♀ and SCNT-♂ embryos
There were no significant differences in the developmental rate of two-cell, eight-cell and morula stages were observed among IVF, SCNT-♀ and SCNT-♂ groups (Table 2 ). However, the developmental rate of blastocyst in the SCNT-♀ group was significantly higher than that of the SCNT-♂ group (30.4 ± 3.9 vs 19.4 ± 1.4, p < 0.05).
| Effects of donor cell sexual differences on the DNA methylation of SCNT-♀ and SCNT-♂ embryos
The results showed that the levels of 5mC in the SCNT-♀ embryos were significantly higher than that of the SCNT-♂ embryos at the stages of eight-cell, morula and blastocyst (Figure 1d , p < 0.05).
However, the levels of 5hmC in the SCNT-♂ embryos were significantly higher than that of the SCNT-♀ and IVF embryos at the stages of two-cell, eight-cell, morula and blastocyst ( Figure 1e , p < 0.05).
And therefore, the DNA methylation (5mC and 5hmC) levels of SCNT-♂ embryos were higher than that of the SCNT-♀ and IVF embryos at the stages of two-cell, eight-cell and morula (Figure 1f , p < 0.05). Overall, the DNA methylation (5mC and 5hmC) levels of SCNT-♂ and SCNT-♀ embryos were higher than that of the IVF embryos at the stages of two-cell, eight-cell, morula and blastocyst ( Figure 1f , p < 0.05).
| Effects of donor cell sexual differences on the expression of Dnmts and TET in SCNT-♀ and SCNT-♂ embryos
The levels of Dnmt1 of SCNT-♀ and SCNT-♂ embryos were significantly higher than that of the IVF embryos at the stages of eight-cell 
TA B L E 2 The development of buffalo IVF, SCNT-♀ and SCNT-♂ embryos
| Effects of donor cell sexual differences on H3K9me2 and H3K9me3 in SCNT-♀ and SCNT-♂ embryos
The H3K9me2 expression levels in the IVF and SCNT-♂ embryos were significantly higher than that in the SCNT-♀ embryos at the 
| Effects of KDM4B ectopic expression on the development of SCNT-♀ and SCNT-♂ embryos
KDM4B ectopic expression significantly improved the developmental rate of two-cell and eight-cell in SCNT-♀ and SCNT-♂ embryos, as well as the developmental rate of blastocysts in SCNT-♂ embryos (Tables 3 and 4 , p < 0.05).
| D ISCUSS I ON
In the present study, we investigated the effect of different sexual donor cells on the development of buffalo SCNT embryos. We observed that the developmental potential of SCNT-♀ preimplantation embryos was greater than that of SCNT-♂ embryos. Similar to that, Merighe et al. demonstrated that the rates of cleavage and the blastocyst were higher in female bovine SCNT embryos than that of male cloned embryos (Merighe et al., 2010) . The epigenetic status was affected by the sex of cloned embryos (Sandhu et al., 2016) .
The incomplete epigenetic reprogramming of donor also results in developmental failure in cloned embryos (Han et al., 2003) , which have been associated with abnormal methylation patterns in cloned bovine embryos throughout the preimplantation development (Kang et al., 2001 ). In addition, DNA methylation differs between the sexes (Gebert et al., 2009 ). Therefore, we subsequently explored the reasons from the aspect of DNA methylation.
The present study also determined that 5mC was mainly expressed in the SCNT-♀ embryos, whereas 5hmC was the main pattern
TET2 (e) and TET3 (f) mRNA at various developmental stages of IVF, SCNT-♀ and SCNT-♂ embryos. Note: Different letters represent significant differences between groups of the same stage (p < 0.05) of methylation in the SCNT-♂ embryos. 5hmC is an oxidation product of 5mC, in which TET proteins contribute to their conversion. In the paternal pronucleus of mouse, rabbit and bovine zygotes, 5hmC signals were prominent, whereas 5mC signals were weak, and the opposite patterns occurred in the maternal pronucleus (Wossidlo et al., 2010) . This is consistent with the maternal genome of mouse zygote apparently undergoes passive demethylation, whereas paternal genome is actively demethylated through iterative oxidations Tet3 (Lane, 2000) . Reprogramming in SCNT-♀ and SCNT-♂ embryos might thus share a common mechanism with paternal and maternal genome remodelling in fertilized eggs, respectively. We also found that TET1 and TET3 were expressed mainly in SCNT-♂ embryos.
Previous studies have proven that TET3 mediated the conversion of 5mC to 5hmC (Gu et al., 2011) . TET3 siRNA can downregulate 5hmC (Lee, Davis, Spate, Murphy, & Prather, 2013) . Furthermore, the expression of TET3 was significantly higher than TET1 and TET2 in mouse and sheep (Jafarpour et al., 2017) . Moreover, TET1
and TET3 were upregulated in porcine SCNT embryos (Teson, Lee, Spate, & Prather, 2012) . Overall, the higher expression of TET1 and TET3 may result in 5hmC enriching in buffalo SCNT-♂ embryos. 5mC
is believed to be a by-product of oxidative DNA damage (Castro, Gomez, & Castro, 1996) . The observation of a 5mC oxidation pathway raises numerous questions, such as whether 5hmC is an end product, or an intermediate of active DNA demethylation (Cannon, Cummings, & Teebor, 1988) . The higher level of 5hmC in buffalo SCNT-♂ embryos apparently influences their development.
Our findings showed that the level of 5mC and 5hmC in buffalo cloned embryos was higher than that of IVF embryos. Besides, the global DNA methylation level of buffalo SCNT-♂ embryos was higher than that of SCNT-♀ embryos. Moreover, Dnmt1 and Dnmt3a were higher expressed in cloned embryos than that of the IVF embryos at the stage of eight-cell, and the relative expression level of Dnmt3b in SCNT-♂ embryos was higher than that of SCNT-♀ embryos at the Taylor et al., 2009 ). Dnmt3a and Dnmt3b were essential to embryonic development (Okano et al., 1999) , and indispensable for the nuclear reprogramming of somatic cells (Pawlak & Jaenisch, 2011) . These findings clearly demonstrate that the pattern of Dnmts expression is crucial Note. ♀H 2 O-ddH 2 O group. ♀N1-50 ng/μl pEGFP-N1 group. ♀KDM4B-50 ng/μl KDM4B-pEGFP-N1 group. The numbers of donor cell lines are three females and three males. Different letters represent significant differences in the same column (p < 0.05).
to normal development. In mouse cloned embryos, the expression of Dnmts was higher than that in in vivo embryos. The developmental competence of cloned embryos could be improved by decreasing the expression levels of Dnmts to the similar level of that in in vivo embryos (Giraldo et al., 2008; Li, Kato, Tsuji, & Tsunoda, 2008) , too. What is more, DNA methylation targets to important developmental genes and thus may act as a barrier against accidental cellular reprogramming (Guibert, Forné, & Weber, 2016) . Therefore, the development of buffalo SCNT-♂ embryos may be affected because of the higher levels of DNA methylation and Dnmt expression.
In the present study, the expression of H3K9me2 was higher in IVF embryos than that of SCNT embryos at the stage of blastocyst, and H3K9me3 was upregulated in SCNT-♂ embryos at the eight-cell stage. The demethylation of H3K9me2 and H3K9me3 during cloning was crucial for further development of the cloned embryos (Wang, Kou, Zhang, & Gao, 2007) . Cao found that H3K9me2 and H3K9me3 marks were not fully removed until the four-cell stage in porcine SCNT embryos, causing the failure in the activation of embryonic genome, ultimately resulting in low developmental efficiency of cloned embryos (Cao et al., 2015) . In addition, the high level of H3K9me3 acted as a major barrier at the two-cell stage of mouse cloned embryos (Liu et al., 2016b) . Moreover, the zygote genes activation (ZGA) of bovine embryos could be activated until the eight-cell stage (Campbell, 1999 ). Thus, the highest level of H3K9me3 in buffalo SCNT-♂ embryos at the eight-cell stage could repress the activation of genes and the development of embryos.
Our findings indicate that H3K9me3 but not H3K9me2 is largely involved in gene transcription in the SCNT embryos, especially in SCNT-♂ embryos. Thus, we tried to decrease the level of H3K9me3 by KDM4B ectopic expression. Our results showed that the downregulation of H3K9me3 is more essential on SCNT-♂ than SCNT-♀ embryo development. The result is consistent with the findings of Antony, Oback, Chamley, Oback, and Laible (2013) . Furthermore, KDM4B could remove H3K9me3 barrier and contribute to development of SCNT embryos (Liu et al., 2016b ). Therefore, the higher level of H3K9me3 mainly represses the development of SCNT-♂ embryos.
| CON CLUS ION
The lower levels of DNA methylation (5mC and 5hmC), Dnmt3b, TET1, TET3 and H3K9me3 may introduce the greater developmental potential in buffalo SCNT-♀ embryos than that of SCNT-♂ embryos. However, further studies should be performed to clarify this point.
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